This study reports on the plasmon-mediated remote Raman sensing promoted by specially designed coaxial nanowires. This unusual geometry for Raman study is based on the separation, by several micrometres, of the excitation laser spot, on one tip of the nanowire, and the Raman detection at the other tip. The very weak efficiency of Raman emission makes it challenging in a remote configuration. For the proof-of-concept, we designed coaxial nanowires consisting in a gold core to propagate the surface plasmon polaritons and a Raman-emitting shell of poly(3,4-ethylene-dioxythiophene). The success of the fabrication was demonstrated by correlating, for the same single nanowire, a morphological analysis by electron microscopy and Raman spectroscopy analysis. Importantly for probing remote-Raman effect, the original hard templatebased process allows to control the location of the polymer shell all along the nanowire, or only close to one or the two nanowire tips. Such all-in-one single nanowires could have applications in the remote detection of photo-degradable substances and for exploring 1D nanosources for integrated photonic and plasmonic systems.
Introduction
The coupling of plasmonic nanostructures with other materials has been much investigated over the last decade. [1] [2] [3] [4] [5] [6] [7] It was motivated mainly by exploiting the localized surface plasmon resonance (LSPR) 1, 3, 4, [7] [8] [9] [10] , the local heating due to hyperthermia 2 or the near-field absorption and scattering of metallic nanoparticules 3, 5, 7 . Among these fascinating phenomena, surface-enhanced Raman spectroscopy (SERS) and plasmon-enhanced fluorescence are of particular interest for applications like SERS sensors 1, 4, 11 and fluorescence sensors 12 . Alternatively, the use of 1D-like metallic nanostructures opens the way to exploit, in a guided way, the propagative nature of surface plasmon polaritons (SPP), i.e. the coupling of photons and charge density oscillations on a metal surface. The combination of the two above-mentioned LSPR and SPP plasmonic effects in 1D hybrid nanostructures is a recent domain of investigation and it is particularly promising for the remote sensing of different species. 7, [13] [14] [15] [16] [17] [18] [19] Besides applications in nano-sensors, the remote emission is of great interest for nanophotonics as it combines nanowaveguiding and nanosources. 18, 20 Alternatively, coupling such systems with a material exhibiting nonlinear optical properties is of interest for emerging devices in plasmonic−organic hybrid technology. 21 While the fabrication of hybrid organic-inorganic nanoparticles is a tremendous domain of research, the fabrication of 1D-like hybrid nanostructures with high aspect ratio is more challenging. Among different strategies, template and electrospinning methods have been much used to develop long nanowires and nanofibers of many materials. 22 Concerning hybrid metal -polymer nanowires, they have been prepared by different techniques: nano-lithography 11 , electrospinning [23] [24] [25] , self-assembly/chemical reaction [26] [27] [28] , soft template 29 or hard template [30] [31] [32] [33] [34] [35] [36] [37] . In order to achieve a 1D plasmon-mediated remote nanosensor, it is required to get a SPP propagating along the nanowire and a closely located photoactive species. This promotes a coaxial design to get all-in-one single nanowires. In this scope, we designed coaxial nanowires made of a plasmonic gold core and a conjugated polymer shell of poly(3,4-ethylene-dioxythiophene) (PEDOT) as a Raman emitter, referred as Au@PEDOT nanowires. Coaxial nanowires have been reported previously but their structural and morphological features do not meet the requirements for promoting both SPP and LSPR effects. 38, 39 .An original hard-template process has been developed that can be exploited for fabricating other metal -(semi)conducting coaxial systems. The success of their fabrication was demonstrated by correlating, for the same single nanowires, the morphological and compositional studies by electron microscopy and the study by Raman spectroscopy. For these Au@PEDOT nanowires, an improvement of the PEDOT supramolecular structure was evidenced, stronger than for pure PEDOT nanowires. This effect has been attributed to the extremely confined electropolymerization within the 5 to 15 nm gaps between the gold nanowire core and the alumina pore surface. Such coaxial nanowires were exploited to demonstrate the proof-of-concept of a remote Raman emission. This was achieved by exciting one tip of the nanowire with a laser beam and by detecting the Raman signal at the other tip, separated some micrometres. Our study brings original insights to this fewly explored and exploited phenomenon.
Experimental section
For the fabrication of the Au@PEDOT nanowires, we carried out a templated electrochemical synthesis, 6 using anodic aluminum oxide porous membranes (AAO) as template. 31 Its pore size imposes the diameter of the nanowire Au core. We worked with AAO membranes whose average pore sizes were 22, 42, 75 and 114 nm. Figure 1 summarizes the whole synthesis process. First of all, a gold layer was sputtered on the barrier layer side of the AAO membrane, typically more organized and with lower pore size dispersity.
§ Then, the metallized AAO membrane was introduced in a homemade electrochemical cell, with the Au layer onto the working electrode and the opposite side in contact with an aqueous solution of [AuCl4] -, that penetrated the AAO pores. Electroplating of gold was made by cyclic voltammetry (0.00 -0.75 V vs saturated calomel electrode SCE, scan rate: 50 mV/s) causing the reduction of [AuCl4]
-ions into Au 0 that was first deposited at the bottom of the pores to form nanowires. 40 The length of the nanowires was controlled by changing the number of cycles. In our conditions and for the 114 nm pore size, we measured that 120 cycles produced 12 μm long gold nanowires. Ultrapure water (resistivity > 18.2 MΩ.cm) was used in all the steps of the process. Then, a pore widening process was performed, as reported in previous works. 6, 36, 37, 41 The H3PO4 concentration and the etching time make possible to tune the opening size of the pores around the nanowires. 41 The pore wall, in contact with the gold nanowires, was first etched by phosphoric acid due to its richness in anions, 36, 37 its higher amorphousness and hydration, and its softening by the localized pH change due to evolution of H2 during the Au 0 electrodeposition. § We used a 0,9 M phosphoric acid solution in ultrapure water for 90 minutes to get a pore widening of about 5 to 15 nm. After rinsing the membrane with ultrapure water, an aqueous solution containing the 3,4-ethylenedioxythiophene (EDOT) monomer was dropped to fill the freed space between the Au nanowires and the partially etched AAO pores. Then, the oxidative electropolymerization was carried out at a fixed potential of +0.80 V vs. SCE for 50 s, typically. 34, 42, 43 Finally, the membrane was treated with concentrated phosphoric acid for 48 hours to totally remove the alumina template. A thin and fragile layer of Au underlying an array of Au@PEDOT nanowires was obtained. To disperse the nanowires in water or ethanol, a Figure 1 -Scheme of the hard-template process developed to fabricate the coaxial and the asymmetric Au(core)@PEDOT(shell) nanowires.
brief sonication was applied. The versatility of this process allows to disperse these nanowires on any kind of surface, such as silicon substrates and transmission electron microscopy grids (see ESI for additional information). In addition, we synthetized asymmetric coaxial Au@PEDOT nanowires with polymer located just at the upper gold tip. This was achieved by shortening the pore widening and the oxidative electropolymerization times. It is emphasized that this kind of asymmetric nanowires was found optimal for investigating the remote Raman excitation, as described in the last part. The lack of PEDOT at the nanowire tip where the laser is focused makes possible to exclude the possibility of any Raman signal excited directly, and not in a remote way.
Results and discussion

Characterization of the coaxial nanowires
The morphology and the chemical analysis of the nanowires were investigated by optical microscopy, scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM). Both arrays and isolated Au(core)@PEDOT(shell) nanowires were studied ( Figure 2 ). Based on the SEM study of tens of nanowires produced by different synthesis conditions, it was clear on the secondary electron images that the polymer shell -dark grey on imagescovered all the gold nanocylinders -white or bright grey -for the case of 22, 44 and 75 nm gold core diameter. When the backscattered electrons were detected, only the gold core appeared while the PEDOT almost disappeared, seemingly a vacuum space in-between the gold cores (see Figure S1 ). The attribution of this layer to PEDOT was confirmed by scanning transmission electron microscopy -high-angle annular darkfield (STEM-HAADF) imaging (Figure 2 (c)) and Raman spectroscopy study ( Figure 3) . A systematic study of the PEDOT shell thickness has shown an increase of the thickness with the Au core diameter ( Figure  2 (b)). We must note that due to the polydispersity of the AAO membranes pore diameter, for the same AAO nominal pore, we could have a range of diameters easily observable on dispersed nanowires. This contrasts with the larger diameter case (nominal pore diameter of 110 nm) where the PEDOT shell covers only the two extremities of the gold core for an equal electropolymerization duration. This observation was confirmed by the SEM study (Figures 2(d) 2(e)) and it was observed that for longer nanowires this unexpected morphology is even more pronounced. The mechanisms responsible for this effect are discussed below. The linearly polarized Raman spectroscopy study aimed to identify possible molecular and supramolecular ordering of the polymer induced by the ultra-confined synthesis. In addition, plasmon-enhanced effects could take place due to the proximity between the PEDOT and the Au nanowire. It may promote a field-enhanced Raman effect and possibly a SERS effect. 34, 38, 43, 44 Combining unusual supramolecular structure with plasmonic-induced effects is of great interest for exploring the coupling between these effects. Such an investigation is reported in the last part of this manuscript. First, a systematic study of the Raman signal was done by mapping single Au@PEDOT and PEDOT nanowires of different diameters. Two configurations of polarization were used to reach information on an eventual ordering effect of the polymer chains ‡ 24, 45, 46 : both excitation electric field and backscattering analyzer parallel (perpendicular, respectively) to the nanowire axis. Typical spectra measured for the two polarization configurations on a single coaxial nanowire were compared to the case of a pure PEDOT nanowire (Figure 3) . The main bands characteristics of PEDOT were detected. Based on previous theoretical and experimental studies, the most intense band at 1437 -1441 cm -1 is attributed to the C=C symmetric stretching, the band at 1511 cm -1 corresponds to the C=C antisymmetric stretching and the C-C stretching band at 1365 cm -1 . 34 The main band at 1437 cm -1 is particularly interesting, because its intensity depends on the length of conjugated segments through resonant effect and on the conjugated segment orientation relative to the excitation polarization. The comparison with the spectra measured for pure PEDOT nanowires electropolymerized in the same conditions (electrolyte, applied voltage) (Figure 3(a) ) gives a clear evidence of a strong preferential orientation of the conjugated PEDOT segments perpendicular to the wire axis for the Au@PEDOT nanowire, in contrast with the pure PEDOT nanowire where conjugated segments exhibit a preferential orientation along the nanowire axis. Different groups reported a preferential alignment of the chains for conjugated polymers such as polypyrrole (PPy), polyaniline and PEDOT. It was assigned to a preferential growth of the polymer chains along the nanopore wall. 24, 45, [47] [48] [49] [50] The preferential orientation perpendicular to the nanowire axis in our coaxial nanowires strongly contrasts with this tendency. It has been further investigated acquiring a Raman map along the nanowire, as described below. A quantitative analysis of the full-width-at-half-maximum (FWHM) and the I[symetric C=C stretching]/I[antisymmetric C=C stretching] intensity ratio shows a narrowing of the FWHM and a stronger intensity ratio for the coaxial case (31 cm -1 ; 5.00) than for the pure PEDOT case (38 cm -1 ; 3.55). Exploiting the conclusions of previous Raman studies on PEDOT nanowires, it suggests a strong molecular and supramolecular structure ordering of the PEDOT shell surrounding the gold core, still more ordered than for the pure PEDOT nanowire. 34, 51 This result is discussed later, in view of the variation of the Raman spectra with the excitation wavelength. This preferential orientation of the conjugated PEDOT segments will be exploited for plasmon-mediated remote studies. Second, a map of the Raman signal at different excitation wavelengths was measured on a 95 nm diameter Au nanowire with PEDOT preferentially grown at the two ends. This Raman map was correlated with the morphology of the nanowire. This morphological information has been obtained by SEM using a specific boron-doped silicon substrate with marks and grids to localize the nanowires. Figure 4 shows the variation of intensity of the Raman C=C symmetric stretching band along the nanowire for the two polarizations (parallel and perpendicular) and for excitation wavelengths at 488, 514, 633 and 785 nm. It has been shown for conjugated polymers that the Raman bands intensity strongly depends on the excitation wavelength in the visible and near infrared range. It was attributed to resonant Raman effects, which depend on the conjugation length and the doping level. 34, 52 Indeed, the absorption spectrum of conjugated polymers varies with both the distribution of conjugation lengths and the level of doping. 53 For PEDOT, the absorption spectrum of a strongly doped film electropolymerized under the same conditions (same electrolyte and applied voltage vs SCE) is dominated by the polaronic and bipolaronic bands above 600 nm and in the near infrared domain. 34 Here, the anisotropy of the Raman signal was quantified by calculating the dichroic ratio R, with Iǁ (I respectively) the intensity of the C=C symmetric stretching band for excitation and detection in parallel (perpendicular, respectively) polarization: 58  eV) . In the near infra-red domain (785 nm) probing predominantly the longer conjugated segments, the negative dichroic ratio weaker than for other excitation wavelengths can be attributed to a weaker chain alignment perpendicular to the wire axis. It is interesting to combine this result with the observation that both 633 and 785 nm excitation lines do not detect any contribution of PEDOT at the bottom side of the nanowire, in contrast with the Raman characterization by the 488 and 514 nm excitation wavelengths, as well as with the SEM and STEM study showing a thinner PEDOT layer (5 to 10 nm). These results strongly suggest that the conjugated segments are shorter when grown at the bottom of the gold nanowire, oppositely located to the electrolyte reservoir. It makes sense, that this part is less accessible to the diffusion of the EDOT monomer, dodecyl sulfate and perchlorate anions from the above reservoir than the upper side. Such a mechanism can also explain the reduced electropolymerization rate (thinner layer), which should result in shorter polymer chains and correspondingly shorter conjugated chains for PEDOT at the bottom side than at the upper side. Ultimately, the PEDOT shell at the upper tip can block the 10-15 nm wide channel surrounding the gold cylinder, thus inhibiting further growth of PEDOT at the bottom and on the lateral size when all the monomers remaining in the closed cavity have been consumed. Another possible growth mechanism to explain the preferential electropolymerization at the extremities of the nanowires deals with a tip effect, i.e. an electric-field enhancement which takes place at the top extremity of a strongly anisotropic conducting object connected to an electrode. The larger the aspect ratio (length/diameter), the stronger the electric field enhancement at the tip. Such a local field enhancement could contribute to the overpotential and then promote a faster oxidation of the monomers and thus a faster electropolymerization on the top extremity, rather than on the lateral size. However, such a tip effect cannot account for the growth initiated at the bottom of the nanowire, because no tip effect takes place due to the proximity of the planar electrode on the bottom side of the porous membrane. The proposed mechanism, which is predominantly responsible for the electropolymerization of PEDOT and its structural ordering on the confined gold nanocylinders, is schematized in Figure 5 (right), while the predominant mechanism for pure PEDOT nanowires, as previously proposed, 49, 54 is reported in Figure 5 (left). The resulting improved structure has been demonstrated for different conjugated polymers when synthesized by hard-template methods in nanopores of diameter smaller than 100 nm down to 30 nm. 48, 55 For the original geometry of our system, not only the confined space for PEDOT electropolymerization between the gold cylinder and the alumina wall was still reduced down to 5 -15 nm, but also the geometry of the electrode is modified, replacing the gold electrode at the bottom of the pore by a gold cylinder. These two points can explain the above-mentioned results. While this preferential orientation perpendicular to the nanowire axis was often observed, it is important to mention that a less perpendicular or even a longitudinal preferential orientation was observed in some cases at the bottom tip when exciting with red-infrared lasers (633 nm and 785 nm). We emphasize that these unique conditions of electrodeposition in an ultra-confined channel and strongly anisotropic nano-electrodes give opportunities to tune standard and unusual mechanisms involved in the growth of 1D-nanomaterials. A direct exploitation is proposed in the evidence of plasmon-mediated remote Raman excitation.
Remote sensing on coaxial nanowire: a proof-of-concept
The previously described hybrid coaxial nanowires have been exploited for a proof-of-concept of remote-Raman sensing. Different conditions have to be met to get such an effect. First, the excitation of the surface plasmon polariton with a laser can only be achieved, in a non-evanescent configuration, by focusing the laser at one tip of the nanowire to meet the criterion of momentum conservation. SPP along the nanowire cannot be excited if the laser focus does not overlap one tip. Second, the losses of the SPP propagation are strongly wavelength dependent. For gold, it has been shown that SPP can propagate along micrometres for an excitation in the red or near-IR range but it is shortened for smaller wavelengths. 56 Third, when the wire diameter lies in the sub-micrometric range, the plasmonic losses along gold nanowires are expected to be reduced and the formation of Fabry-Perot resonances favoured for the larger diameter. 18, 57, 58 Among the different newly designed nanowires, we selected the 114 nm diameter ones and the 785 nm excitation to meet the above criteria. It is important to note that we exploited nanowires with PEDOT at only the upper tip, as shown on Figure 6 (c). Thus, a remote Raman effect is expected when a Raman signal can be collected at the upper tip with a coaxial morphology and when the excitation is done at the opposite (bottom) tip. The spatially offset set-up was developed in a Renishaw® InVia Raman spectrometer (see Figure 6(b) ). The spatially-offset separating the excitation and the Raman signal collection can be precisely controlled onto a single nanowire. For a typical study, four measurements configurations were investigated to prevent from erroneous analysis, as illustrated on the Figure  6 (c): (1) excitation and collection at the upper tip (standard direct measurement geometry), (2) excitation precisely at the gold tip and collection at the opposite, i.e. coaxial tip (remote geometry), (3) excitation of the nanowire at 1 or 2 µm from the gold tip onto the nanowire and collection at the opposite, (4) excitation of the SiO2 grid at the same distance (about 4 µm) of the coaxial tip of the nanowire. The collecting area was always the same. The measurement geometries (3) and (4) allowed to discriminate the remote plasmon-mediated effect from a parasitic excitation of PEDOT, coming directly from the laser probe (case (3)) or from the supporting silica grid (case (4)). A fifth measurement in the first geometry was systematically done to check that the PEDOT signal did not suffer any degradation. The irradiation energy was 1.5 J during 500 s. The polarization was always parallel to the nanowire main axis to be in concordance to previous studies on silver nanowires, which have shown that the remote Raman signal has a maximum when the incident polarization is parallel to the nanowire. 17, 18, 20 Such a methodology was applied to different nanowires and identical results were obtained. Figure 6 (e) reports typical spectra measured for the four configurations in a nanowire partially covered by PEDOT on one tip. As expected, the stronger signal was obtained in the first direct configuration, showing the main band around 1420 -1440 cm -1 . For the second configuration (remote geometry), a similar spectrum was measured but with an intensity about 3.5 times smaller, as expected due to the coupling efficiency of the laser with the gold nanowire to excite SPP, and to plasmonic losses when propagating along the nanowire. No signature of PEDOT was detected, neither in the third, nor in the fourth configuration of measurement. These results unambiguously show that the Raman signal detected in the second measurement geometry is due to an excitation of PEDOT by the surface plasmon polaritons after their propagation along the gold nanowire when the excitation is operated at the opposite tip, i.e. remote Raman signal. This study opens the way to investigate longer nanowires and design new architectures for remote nanosensors as long as the development of nanosources.
Conclusion
Plasmon-mediated remote Raman effect has been evidenced on specially designed coaxial Au@PEDOT nanowires. This coaxial morphology promotes an optimal effect due to the immediate proximity of the Raman scattering material with the gold core, thus benefiting for the excitation of a maximum of the evanescent field coming from the SPP. The opportunity to control the position of PEDOT only at one tip of the nanowire, rather than all along the nanowire or at its two extremities, was exploited to demonstrate unambiguously the remote origin of the Raman signal. The quite strong remote intensity in comparison to the one measured in the direct geometry also confirms the pertinence of our design. In addition, it has been shown that the extremely confined nanoreactors, a 5 to 15 nm thick cylindrical shell where the conjugated polymer is electropolymerized, endorse a strong preferential ordering of the polymer shell. This ordering is another factor contributing to a stronger remote Raman effect. This original coaxial design including a plasmonic core is particularly attractive for efficient remote Raman sensing of photodegradable organic materials. It could also be exploited to fabricate remote nanosources for nanophotonics, by replacing the Raman emitter with a photoluminescent material.
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